GPCRs (G-protein-coupled receptors) are versatile signalling molecules at the cell surface and make up the largest and most diverse family of membrane receptors in the human genome. They convert a large variety of extracellular stimuli into intracellular responses through the activation of heterotrimeric G-proteins, which make them key regulatory elements in a broad range of normal and pathological processes, and are therefore one of the most important targets for pharmaceutical drug discovery. Knowledge of a GPCR structure enables us to gain a mechanistic insight into its function and dynamics, and further aid rational drug design. Despite intensive research carried out over the last three decades, resolving the structural basis of GPCR function is still a major activity. The crystal structures obtained in the last 5 years provide the first opportunity to understand how protein structure dictates the unique functional properties of these complex signalling molecules. However, owing to the intrinsic hydrophobicity, flexibility and instability of membrane proteins, it is still a challenge to crystallize GPCRs, and, when this is possible, it is no longer in its native membrane environment and no longer without modification. Furthermore, the conformational change of the transmembrane α-helices associated with the structure activation increases the difficulty of capturing the activation state of a GPCR to a higher resolution by X-ray crystallography. On the other hand, solid-state NMR may offer a unique opportunity to study membrane protein structure, ligand binding and activation at atomic resolution in the native membrane environment, as well as described functionally significant dynamics. In the present review, we discuss some recent achievements of solid-state NMR for understanding GPCRs, the largest mammalian proteome at ∼1 % of the total expressed proteins. Structural information, details of determination, details of ligand conformations and the consequences of ligand binding to initiate activation can all be explored with solid-state NMR.
INTRODUCTION
GPCRs (G-protein-coupled receptors) are versatile signalling molecules at the cell surface and make up the largest and most diverse family of membrane receptors in the human genome, converting a large variety of extracellular stimuli, including light, odorants, ions, lipids, catecholamines, neuropeptides and large glycoprotein hormones into intracellular response through the activation of heterotrimeric G-proteins [1] , which make them the key regulatory elements in a broad range of normal and pathological processes and the most important targets for pharmaceutical drug discovery [2] [3] [4] . Analysis of the human genome revealed at least 799 GPCRs in humans, comprising the largest family of such receptors within most mammals [5, 6] . GPCRs are widely classified into five main families on the basis of their sequence similarity: the rhodopsin family (701 members), the adhesion family (24 members), the frizzled/taste family (24 members), the glutamate family (15 members) and the secretin family (15 members), forming the GRAFS classification system [5] . The rhodopsin family is by far the largest and most diverse of these families, forming four main groups with 13 sub-branches, and the members are characterized by conserved sequence motifs and are thought to share the similar activation mechanisms. GPCRs share a common 7TM (seven-transmembrane) α-helix architecture and couple to G-proteins [7] . The TM α-helices are connected by alternating three extracellular and cytoplasmic loops (EL1-EL3 and CL1-CL3), with the NT (N-terminus) extracellular and the CT (C-terminus) intracellular, arranged in an anticlockwise fashion as viewed from the extracellular surface. The crystal structures of rhodopsin [8] [9] [10] , β 1 AR (β 1 -adrenergic receptor) and β 2 AR (β 2 -adrenergic receptor) [11, 12] , A 2a adenosine receptor [13] , CXCR4 chemokine receptor [14] , dopamine D 3 receptor [15] , the human histamine H 1 receptor [16] , the M 2 and M 3 muscarinic acetylcholine receptors [17, 18] , the human κ-opioid receptor [19] , the nociceptin/orphanin FQ receptor [20] , the μ-opioid receptor [21] and a very recent structure of the agonist-bound neurotensin receptor [22] at high resolution have confirmed this structural topology. Binding of a stimulus, the so-called 'first messenger', to the extracellular or TM domains of a GPCR triggers conformational changes in the 7TM structure that are transmitted through the intracellular receptor domains to promote coupling between the receptor and its cognate heterotrimeric G-proteins. The receptor stimulates G-protein activation by catalysing the exchange of GTP for GDP on the G α subunit and dissociation of the GTP-bound G α subunit from the G βγ subunit heterodimer. Once dissociated, free G α -GTP and G βγ subunits regulate the activity of enzymatic effectors, such as adenylate cyclases, PLC (phospholipase C) isoforms and ion channels, to generate small molecules, the 'second messengers'. The second messengers, in turn, control the activity of protein kinases that regulate key enzymes involved in intermediate metabolism. Hydrolysis of GTP to GDP within G α and subsequent reassociation of G α -GDP and G βγ completes the G-protein cycle [23] [24] [25] [26] .
GPCRs share not only a similar overall structural topology, but also a similar activation mechanism [1, 27] . Despite the fact that these receptors are activated by various agonists which are different in chemical nature, many biochemical and biophysical studies have indicated that the receptor activation is associated with a relatively large overall rearrangement of the TMs [28, 29] , as described by the global toggle switch activation model [30, 31] . By which, the TM VI undergoes a 'vertical' see-saw movement around a pivot corresponding to the highly conserved proline residue in the middle of the membrane during activation, resulting in an inward rotation around the main ligand-binding pocket on the extracellular side and an outward rotation on the intracellular side to open a space for G-protein binding. This global activation mechanism is integrated by several molecular microswitches, defined as residues that have been highly conserved during evolution and that switch between substantially different conformations in the active compared with the inactive state of the Class A GPCRs, as illustrated by the Rho model [27, 32, 33] (6.48) rotamer switch of the CWXP motif in TM VI functions as a microswitch through interchanging between an inactive rotamer conformation in which the indole side chain interacts with a structural water molecule of the hydrogen-bond network, and an active rotamer conformation in which the indole interacts with Phe 208 (5.43) at the bottom of the binding pocket. The Tyr 306 (7.53) rotamer switch of the NPXXY motif in TM VII interchanges between an inactive rotamer conformation by interacting with Phe 313 and an active rotamer conformation by participating in a hydrophobic cluster between the active conformations of TM VI and TM VII [33, 35] , as shown in Figure 1 .
Despite intensive research having been carried out over the last three decades, more needs to be known about the structural basis of GPCR function. The crystal structures obtained in the last 5 years provide the first opportunity to understand how protein structure dictates the unique functional properties of these complex signalling molecules. Furthermore, owing to intrinsic hydrophobicity, flexibility and thermoinstability of membrane proteins, far fewer structures have been solved by X-ray crystallography for membrane proteins, especially the GPCRs, than for soluble proteins [36, 37] . Moreover, the conformational change of the TM α-helices associated with the structure activation increases the difficulty of capturing the activation state of a membrane protein to a higher resolution by X-ray crystallography [38, 39] . On the contrary, SSNMR (solid-state NMR) has no requirement for the sample form and molecular mass in principle, and is a suitable technique to study GPCR structure, ligand binding, dynamics and the conformational changes associated with structural activations at the atomic level in the native membrane environments.
Over the last few years, SSNMR has made tremendous progress showing its capability of determining membrane protein [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] ; the ligand binding and constitutive dimerization of neurotensin receptor 1 [64, 65] ; the protonation switch mechanism of the human histamine H 1 receptor [66] ; the influenza M2 proton channel structure, function, ligand binding and membrane mediation [67] [68] [69] [70] [71] [72] [73] ; and the structure, dynamics and lipid interaction of the retinylidene proteins from bacteria, including bacteriorhodopsin, sensory rhodopsin, halorhodopsin and proteorhodopsin [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] . Some other membrane proteins, such as membrane-embedded enzymes [86] [87] [88] , histidine kinases [89] , ABC (ATP-binding cassette) transporters [90] and bacterial outer membrane proteins [91, 92] , have also been investigated through multidimensional correlation experiments in MAS SSNMR.
In the present review, we briefly discuss some of the recent progress in studying GPCRs by using MAS or static SSNMR from a structural biology point of view. For a complete overview of the achievements in this field, please refer to some other reviews [32, [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] .
GENERAL TECHNIQUES USED IN SOLID-STATE NMR FOR MEMBRANE PROTEINS
Unlike solution-state NMR, the resolution and sensitivity of SSNMR are dependent on orientationally dependent anisotropic c The Authors Journal compilation c 2013 Biochemical Society spin interactions, such as chemical shift anisotropy, homonuclear and heteronuclear dipole-dipole couplings or quadrupolar couplings. These interactions generally cannot be averaged out by the molecular tumbling motions in solids, presenting a very broad line-shape with poor sensitivity of SSNMR spectra. If the sample rotor is spun about an axis with a tilt angle of 54.74 • , the magic angle, with respect to the static field B 0 , those anisotropic spin interactions will be largely averaged out by the spatial rotation [109] . As the spinning frequency increases, the suppression process will be much more efficient and complete, which will lead to a solution-state-like spectrum.
Similar to the INEPT (Insensitive Nuclei Enhancement Polarization Transfer) heteronuclear J-coupling transfer scheme in solution-state NMR [110] , the sensitivity of the rare spin species with low magnetogyric ratio, such as 13 C and 15 N can be enhanced by transferring magnetization from abundant spin species with high magnetogyric ratio, such as 1 H through the heteronuclear dipolar couplings via CP (cross-polarization) scheme in solids [111] . Magnetization transfer is achieved when the strengths of the two fields match the HH (Hartmann-Hahn) condition
r f , where γ I and γ S are the magnetogyric ratios of the I-spins and S-spins respectively [112] . Ramping or adiabaticpulsing one of the rf fields can improve the reliability and reproducibility of HH-CP, especially in fast MAS experiments.
The couplings between protons and the rare spins with low γ , such as 13 C and 15 N often complicate observation of the rare spins, therefore it is usually necessary to remove those strong heteronuclear dipolar couplings by using strong rf irradiation on proton spins, i.e. so-called high-power proton decoupling. CW (continuous wave) decoupling is a standard scheme for decoupling of the heteronuclear dipolar spin interactions at static or slow MAS conditions [113] , TPPM, Spinal64 and other more sophisticated pulse sequences are used for fast MAS in order to achieve a better decoupling efficiency [114, 115] .
For sequential assignment of protein structures in SSNMR, fast MAS is essential to gain high resolution and sensitivity. However, all anisotropic spin interactions which can be used to extract molecular geometry information are averaged out by MAS. In order to restore the anisotropic spin interactions in the presence of MAS, recoupling techniques were developed to selectively retrieve the anisotropic spin interactions for rotating solids [116, 117] . Generally, there are two approaches to reintroduce anisotropic dipolar interactions, either mechanically, where the recoupling is achieved through rotational resonance, or by rf pulse-driven methods where the recoupling is achieved by applying rf pulse trains. By applying recoupling sequences, certain anisotropic interaction terms can be retrieved in the presence of MAS [118] .
Combining MAS with cross-polarization, high-power proton decoupling, selective recoupling and multi-dimensional experimental scheme with isotopic labelling, GPCRs structure and dynamic conformation associated with activation can be revealed through the short-and long-range semi-quantitative distance restraints from multi-dimensional homonuclear and heteronuclear correlation experiments to a high resolution and signal-to-noise ratio in SSNMR for GPCR structure and function studies [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [62] [63] [64] [65] [119] [120] [121] [122] .
EXPRESSION SYSTEMS AND ISOTOPE LABELLING STRATEGIES
GPCRs are generally expressed at low levels in their endogenous environment, but milligram level of samples are essential for SSNMR to carry out various multi-dimensional experimental studies on GPCR structure and function, so the ability to express and purify enough amount of functional receptors is a demanding and challenging task to SSNMR spectroscopists [123] . GPCRs have been expressed in Escherichia coli, yeast, insect and mammalian cells and cell-free systems for various studies [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] [134] [135] [136] [137] [138] , and the advantages and disadvantages of each system for GPCR expression are summarized in Table 1 . In the present review, we briefly mention some of those systems.
Low cost, ease of culture, optimized strains and lack of posttranslational modifications, higher scalability and very flexible isotope labelling strategies are the advantages of expressing GPCRs in E. coli. However, glycosylation and palmitoylation have been reported to be needed for proper folding and function of GPCRs, such as ligand binding in ligand-activated GPCRs, and lack of some eukaryotic membrane components, such as cholesterol can also affect receptor activity [128, 134, 138] . The main reason is probably that E. coli is a prokaryote, whereas all ligand-binding GPCRs identified are eukaryotic [97] .
Mammalian cells provide numerous advantages for GPCR expression since they contain the necessary co-receptors and membrane composition to provide the highest level of posttranslational modifications for the correct folding of functional GPCRs, and the proteins can be expressed transiently or stably via a selective process. HEK (human embryonic kidney)-293S cells have been used to express several different GPCRs successfully in media containing specifically labelled amino acids [49] [50] [51] [52] [53] [54] [55] 130, 131, [139] [140] [141] [142] . Although mammalian expression systems for GPCRs are relatively costly and time-consuming, if they are scalable, they have the promise to provide suitable concentrations of active correctly modified receptors for biophysical studies [97] .
Insect cells are used in conjunction with a baculovirus which allows transfection of DNA encoding the GPCR of interest into the cell [143] . This eukaryotic expression system offers the advantage that it can be readily adapted to high-density suspension culture for large-scale expression and allows many of the post-translational modifications present in mammalian systems. Insect cells such as the commonly used Sf9 cells from Spodoptera frugiperda have numerous advantages and have been used for expressing isotope-labelled GPCRs [144, 145] , but also have some important disadvantages for GPCR expression, as summarized in Table 1 .
Cell-free expression offers a unique tool in the preparation of protein samples for biophysical studies. The near total control over labelling strategies allowed by this system, along with other advantages makes this potentially one of the most significant advances in protein production in recent years [136, 137] . A key component of cell-free expression systems is the cell lysate used as the basis for the reaction mixture. Cell-free expression systems have the highest flexibility of isotopic labelling. It can incorporate a single 13 C-and 15 N-labelled amino acid or one amino acid with 13 C and another with 15 N to allow assignment of pairs of amino acids. It is also possible to attach a single labelled amino acid at a specific position by using engineered tRNA molecules [146] in order to reduce dipolar truncation and cross-relaxation broadening caused by the directly bound pair of labels. Although most of these techniques have not yet been applied to GPCRs generated by cellfree expression, it is clear that this system has significant potential for NMR analysis of such receptors.
Isotopic labelling plays a very important role in molecular structure determination in SSNMR. It can not only enhance the spectral sensitivity and improve the spectral resolution, but also helps with the resonance assignments of NMR spectra and tackles the specific problem of the structure and dynamics of proteins through the designed labelling scheme. There are three main approaches to isotopically label a protein: specific, selective and uniform labelling. Specific labelling normally refers to incorporation of one or several 13 C, 15 N-labelled amino acids [46, 64, [147] [148] [149] [150] [151] . Selective labelling, including forward and reverse labelling, refers to the biosynthetic incorporation of a single type or several types of labelled amino acid(s) with the rest unlabelled into the protein expression media. Selective labelling is widely used for the protein resonance assignments and structure calculations in SSNMR. For example, a selective and extensive labelling scheme using [1,3- 13 C]-and [2-13 C]-glycerol as the sole carbon source in the bacterial growth medium has been used to determine the α-spectrin SH3 (Src homology 3) domain, β-crystallin and outer membrane protein G [152, 153] .
A selective labelling scheme has also been used in the HEK-293 system to express labelled rhodopsin for structure and functional studies [49] [50] [51] [52] 55, 141] . The reverse labelling approach has been designed to study structure and dynamics of the sensory rhodopsin II and the K + ion channel KcsA-K v 1.3 [74, 154] . This approach has the advantage of decreasing the large numbers of overlapping resonances from the hydrophobic TM α-helices, making the extensive assignments a reality. By taking advantage of the glycolysis pathway, the TEASE (ten amino acid selective and extensive labelling) 13 C selective labelling scheme has been suggested to probe the TM segments of membrane proteins [155] , and this reverse labelling approach may have the possibility of being adapted for other different applications for its flexibility. Recently, a novel selective labelling scheme has been proposed by using [2,3-13 C, 15 N]-labelled phenylalanine and tyrosine residues and fully labelled glycine and alanine residues to restore the favourable cross-relaxation properties of the glycerol samples in order to obtain inter-residue cross-peaks [91] . This labelling scheme has several advantages: (i) it is composed of a low number of small isolated spin systems; (ii) transfer of magnetization into the side chain is thus eliminated and spectral quality enhanced; and (iii) the number of inter-residue cross-peaks is significantly increased, which is important for both assignment and structure calculation [91] . This labelling scheme or a similar one may be applicable to other large membrane proteins, such as the 7TM family proteins.
Uniformly labelling schemes are the simplest and most costeffective biosynthetic labelling method for protein SSNMR. Normally, uniformly 13 C-labelled glucose or glycerol and 15 Nlabelled ammonium chloride or ammonium sulfate are used as the labelled precursors in the growth medium. With a single sample, all of the structural constraints can be obtained through a set of correlation experiments, and the protein structure can be calculated thereby. This approach has been first demonstrated on the microcrystalline proteins of known structure [156] [157] [158] [159] , and then successfully applied to membrane protein for the structure determination [40, 74, 81, 85, [160] [161] [162] .
By taking the advantage of minimizing the 1 H-1 H dipolar couplings caused spectral broadening, predeuteration of proteins has been exploited to gain even higher resolution for U-13 Cand U-15 N-labelled proteins in SSNMR, and this approach has also been attempted to express the fully labelled 7TM protein bacteriorhodopsin for the structure investigation [163] . However, with an increase in deuteration level, protein expression level may fall and it may even be difficult to grow some strains on 2 H 2 O [97] . Therefore a good balance needs to be considered.
Choosing an appropriate sample environment is critical not only for generating a high-resolution NMR spectrum, but also for the protein to have correct folding and activity. Obtaining a homogeneous sample preparation leads to improved linewidths and therefore spectral resolution, whereas heterogeneous samples can result in artefacts such as unexpected peaks and peak doubling [97] . Furthermore, it is not enough to show that a protein construct is functional to validate a structure unless the functional assay is performed in the same environment as that used for the structural characterization [164] . For small proteins, nano/micro-crystalline or nanodisc samples have been proved to be a good choice for yielding high-quality spectra in solids [165] [166] [167] [168] . For membrane proteins, samples can be prepared in detergent micelles, bicelles or lipid bilayers. Given that membrane proteins function within a bilayer environment, it is more biologically applicable to be able to carry out structural investigations in lipids [97] . Structural data obtained in an appropriate lipid bilayer environment can serve as benchmarks for validating structures determined in other mimetic environments [164] . Figure 2 illustrates some commonly used sample environmental forms for NMR studies of GPCRs [97] .
LIGAND CONFORMATION AND BINDING
The molecular mechanisms of GPCR activation are of central interest in cellular responses to biogenic stimulus and drugs. However, the direct atomic resolution information on the interactions of GPCR with its ligand is available through X-ray crystallography only for a limited number of receptors, whereas, for the great majority of them, indirect methods of analysis have been used. Knowledge of the three-dimensional structures of several GPCRs, such as bovine rhodopsin [8] [9] [10] , β 1 AR and β 2 AR [11, 12] , A 2a adenosine receptor [13] , CXCR4 chemokine receptor [14] , dopamine D 3 receptor [15] , the human histamine H 1 receptor [16] , the M 2 and M 3 muscarinic acetylcholine receptors [17, 18] , the human κ-opioid receptor [19] , the nociceptin/orphanin FQ receptor [20] , the μ-opioid receptor [21] and the neurotensin receptor [22] , have been resolved by X-ray crystallography in either an inactive state or and agonist/antagonist-bound form at high resolution, which opens up new possibilities for investigating GPCRs of human therapeutic significance and for rational drug design. However, despite the availability of those crystal structures, achieving a deep understanding of GPCR activation has still been challenging because of the lack of high-resolution structure at atomic level for the activated state and the details of protein-ligand interactions. For example, structures of bovine rhodopsin in a photointermediate state and Meta II active state, the ligandfree opsin and bound form with G α -CT peptide have been solved within the last few years [38, [169] [170] [171] [172] , but the activation mechanism is still not very clear, especially when it is related to the constitutive activity caused by single mutation and retinitis pigmentosa. In this context, SAR (structure-activity relationship) analyses [173] and drug discovery studies would benefit greatly from some other experimental probes of receptorligand interactions, such as those that SSNMR could provide. [181] [182] [183] (black), [58] (blue), [178] [179] [180] (green) and [53, 184] 
(red).
SSNMR spectroscopy has been applied successfully to GPCRs to detect ligand binding and to analyse protein-ligand interactions, using selective isotope-labelled specific residues and the ligand.
The conformation changes of retinal chromophore and rhodopsin activation upon the 11-cis to all-trans isomerization of retinal have been studied extensively by MAS SSNMR through chemical shift measurements, distance measurements, correlation experiments and 2 H-NMR [46, [49] [50] [51] [52] [53] [54] [56] [57] [58] [59] [60] 62, 63, [174] [175] [176] [177] [178] [179] [180] . Complete assignment of the retinal carbons in ground state and partially in the Batho-, Meta I and Meta II intermediates have been achieved [53, 58, [178] [179] [180] [181] [182] [183] [184] . These valuable data allow us an insight into how the conformational changes of the retinal-PSB (protonated Schiff base) complex are upon isomerization and binding, and how the changes lead to the activation of rhodopsin through the transition from the ground state to Meta II intermediate eventually (as shown in Figure 3) .
Large downfield and upfield changes in chemical shifts have been observed at the C-16 and C-17 sites of the β-ionone ring, and on the retinal polyene chain around the C-9-C-10-C-11-C-12-C-13-C-14-C-15 region (Figure 3) . A large upfield shift of C-13 from the ground state to the Meta II state may be attributed to the break of the Glu 113 salt bridge as the counterion due to the displacement of the helix upon activation. Swapped chemical shift positions of C-16 and C-17 may be attributed to the local hydrophobic environmental change due to the interaction of the helices with the β-ionone ring at the binding pocket upon retinal isomerization. Upfield shifts of C-9 and C-11 and downfield shifts of C-10, C-12 and C-14 of the retinal polyene chain may be attributed to the changes of the polyene chain configuration due to the 11-cis to all-trans isomerization and some possible interactions at the binding pocket upon the displacements of the helices. Two-dimensional PDSD (proton-driven spin diffusion) experiments have been used to study the human histamine bound to the H 1 receptor with the 13 C chemical shifts assigned by DQF (double quantum filtration) experiments to probe changes in the protonation state of the ligand histamine binding to the receptor [66] , as shown in Figure 4 . Two ligand protonation states have been identified and provided the basis of an activation mechanism involving proton transfer from the ligand to the receptor.
In addition, the structure of neurotensin bound or unbound to the NTS1 receptor has also been investigated by SSNMR, revealing a β-strand conformation upon binding [64] . The conformation of the bradykinin peptide bound to the human bradykinin B 2 receptor in DDM (dodecyl maltoside), on the other hand, has been proposed to hold a double-S-shape structure [185] . These type of studies can be also conducted to rationalize the biological activities of compounds on the basis of their bioactive conformations, as has been done in the case of two natural peptides active at the neuropeptide NPR-1 receptor [186] .
STRUCTURAL ACTIVATION UPON LIGAND BINDING
Upon binding of agonists, which typically occurs in close proximity to the extracellular opening of the helical bundle, GPCRs undergo a series of structural changes that cascade from the extracellular to the intracellular part of the receptor and ultimately lead to G-protein activation. The global toggle switch coupled with several highly conserved residues switching between substantially different conformations in the active compared with the inactive state, as molecular microswitches, triggers the conformational changes for activation and formation of the G-protein-binding site of the receptors [27, 30, 33] . In the last few years, several works has been focused on the SSNMR studies of the structural changes on the extracellular side of the receptor caused by retinal isomerization. By combined SSNMR chemical shift measurements and two-dimensional DARR (dipolar-assisted rotational resonance) [187] NMR measurements with a selective labelling scheme and mutagenesis, coupling of the retinal isomerization with the displacement of EL2 on rhodopsin activation has been investigated extensively [52] [53] [54] [55] . Figure 5 shows the two-dimensional 13 C DARR NMR spectra of retinal-EL2 interactions. Close contacts have been observed between the retinal 13 C-14 and 13 C-15 and 13 Cβ-Ser 186 (Figure 5a ), the retinal 13 C-12 and 13 C-20 and 13 C-1-Cys 187 (Figure 5b) , and the retinal 13 C-12 and 13 C-20 and 13 Cα-Gly 188 in rhodopsin (Figure 5c ). But the contacts between the retinal 13 C-9 and 13 C-12 and [U- 13 C 6 ]Ile 189 in rhodopsin or Meta II were not observable (Figure 5d ) [54] . All of the results indicate that the formation of Meta II is accompanied by the displacement of EL2 away from the retinal-binding site and there is a rearrangement in the hydrogenbonding networks connecting EL2 with the extracellular ends of TM α-helices IV, V and VI. This displacement is coupled to the rotation of TM α-helix V and breaking of the ionic lock connecting TM α-helix III and TM α-helix VI [54] . These comprehensive results may lead to further investigation of the molecular mechanism of the cavity formation between TM α-helices III, V and VI for the G-protein binding [188] .
THREE-DIMENSIONAL STRUCTURE DETERMINATION
Determination of GPCR structures is still a frontier of structural biology. Over the last few years, many progresses have been made from NMR methodology to sample preparation in order to reduce the dipolar truncation, establish reliable short-and long-range distance constraints, and improve spectral linewidths and resolution for a full structure determination. However, signal overlapping and fast longitudinal and transverse relaxation, which cause the line broadening and signal intensity loss in many correlation experiments, are still the main problems that impede the pace of SSNMR structure determination of GPCRs.
PISEMA (Polarization Inversion Spin Exchange at the Magic Angle) [189] is a powerful SSNMR method for the determination of membrane protein structure and conformation through highresolution separated local field spectra, where each resonance from a 15 N-labelled amide site in the protein backbone is characterized by orientation-dependent heteronuclear 1 H-15 N dipolar coupling and 15 N chemical shift frequencies. Helices result in characteristic PISA (Polarity Index Slant Angle) [190, 191] wheel patterns of resonances that reflect their tilt and polarity in the bilayers. From such wheels, it is possible to determine the atomic-resolution secondary structure, the tilt angles of α-helices or β-sheets, and, in favourable cases, sequential assignment of all resonances on the basis of a single unique resonance assignment [192] [193] [194] . Figure 6 (a) shows a schematic representation of CXCR1 structure, and Figure 6 (b) shows a twodimensional PISEMA spectrum of selectively [
15 N]Ile-labelled CXCR1 in magnetically aligned bicelles oriented perpendicular to the direction of the magnetic field. The spectrum demonstrates the complementary use of selective isotopic labelling, which is particularly valuable in this context because the mapping of secondary structure on to the experimental spectra assists the assignment and structure determination processes [195] . The ability to obtain spectra with single-site resolution as shown in Figure 6 implies that GPCRs in phospholipid bilayers are suitable samples for structure determination by SSNMR. Moreover, it is possible to utilize these spectra for screening of small-molecule libraries and the application of SARs by SSNMR [173] for the development of drugs that target GPCRs. The three-dimensional structure of human CXCR1 has just been reported in Nature with important features for intracellular G-protein activation and signal transduction in liquid crystalline phospholipid bilayers without modification of its amino acid sequence and under physiological conditions [196] .
GPCR DYNAMICS
Transmission of signals between cells, within cells and from the extracellular environment to the cellular interior is essential to life, and the dynamic properties of the signalling proteins are crucial to their functions [197] . Although the influence of structure in molecular recognition and catalysis by proteins is well appreciated, the role of dynamics is largely unknown and often ignored [198] . It has been proved that the internal protein dynamics can potentially affect protein function through a variety of mechanisms, some of which are obvious in nature, whereas others are subtle and remain to be fully explored and appreciated. Therefore understanding the dynamic nature of a GPCR is crucial to reveal its function and activation. The B factors of the atoms in the rhodopsin crystal dimer from X-ray diffraction [199] are shown in Figure 7 . There is large variation in B factors at the different positions along the sequence, with greatly increased disorder in loop regions. This observation suggests the presence of a gradient in mobility along the TM domain from the NT ends of the helices towards the CT ends, with maximum mobility in the CLs, which may indicate that the conformational fluctuations in dark-adapted rhodopsin probably having a functional significance and probably allowing lightinduced conformational changes that are part of the signalling process to occur [199] .
The molecular mechanism of rhodopsin activation remains unknown as atomic resolution structural information for the active Meta II state is currently lacking [32] . The light-activated Meta II state is transient and cannot form high-resolution diffraction data [38] . The crystal structure of opsin in ligand-free form [170] and bound with Gα-CT peptide [171] does not contain the activated ligand and its activity does not match rhodopsin.
SSNMR may be the best technique to study membrane protein dynamics in its native lipid environment through the anisotropic spin interactions and spin relaxation; many methods, coupled with novel labelling schemes, have been explored to probe membrane protein dynamics over a wide range of timescales [83, 93, 200] . For example, site-specific 2 H labelling is the most commonly used scheme for labelling methyl groups of alanine, leucine and valine, and is an excellent probe of the protein local dynamic fluctuation.
The retinal methyl groups play an important role in rhodopsin function by directing conformational changes upon transition into the active state [201] . Site-specific 2 H labels have been introduced into the C-5, C-9 or C-13 methyl groups of retinal and 2 H-SSNMR methods applied to obtain order parameters and relaxation times to elucidate picosecond-to-nanosecond-timescale motions of the retinal ligand that influence larger-scale functional dynamics of rhodopsin in the inactive dark state, as well as photo-intermediate Meta I and Meta II states in membranes [62, 63] , as shown in Figure 8 . Analysis of the angular-dependent 2 H-NMR line shapes for selectively deuterated methyl groups of rhodopsin in aligned membranes enables determination of the average ligand conformation within the binding pocket. The relaxation data suggest that the β-ionone ring is not expelled from its hydrophobic pocket in the transition from Meta I to active Meta II state. The Meta I to Meta II transition involves mainly conformational changes of the protein within the membrane lipid bilayer rather than the ligand. The dynamics of the retinal methyl groups upon isomerization are explained by an activation mechanism involving co-operative rearrangements of EL2 together with TM α-helices V and VI. These activating movements are triggered by steric clashes of the isomerized all-trans-retinal with the β4 strand of the EL2 and the side chains of Glu 122 and Trp 265 within the binding pocket. A multiscale activation model has been proposed by 2 H-SSNMR spectroscopy, suggesting that retinal initiates collective helix fluctuations in Meta I and Meta II equilibrium on the microsecond-to-millisecond timescale which is different from the standard model of a single light-activated receptor (R * ) conformation that yields the visual response.
The local and global dynamics of the chemokine receptor CXCR1 has been characterized by using a combination of solution and SSNMR experiments, revealing that the essential dynamics of CXCR1 consist of fast local backbone motions for residues near the NT and CT, but not for residues in the TM α-helices or interhelical loops, and rapid global rotational diffusion of the protein about the bilayer normal in liquid crystalline, but not gelphase, phospholipid bilayers [202] , as illustrated in Figure 9 .
CONCLUSIONS AND FURTHER PERSPECTIVES
MAS SSNMR has made tremendous progress showing its capability of determining membrane protein structure, ligand binding and protein dynamic conformation on a variety of timescales at atomic resolution. Despite the numerous technical challenges, SSNMR spectroscopy has the potential to become a leading technique in the study of the structurefunction relationships of GPCRs and their interactions with ligands. In contrast with crystallographic methods, which provide high-resolution, but static, molecular snapshots, NMR techniques can provide dynamic pictures of receptor structures, receptor-ligand interactions, and reaction intermediates and their energy landscapes, thus offering insights into the molecular mechanisms of ligand recognition, receptor activation and signalling mechanisms.
Recently, by transferring the polarization of electron spins to nuclei, the MAS DNP (dynamic nuclear polarization) has been successfully applied to study of the intermediate states of a 7TM light-driven proton pump, bacteriorhodopsin. The enhanced sensitivity of DNP permitted the characterization of the retinal conformation in the K, L and M states [78, 203, 204] for the first time in SSNMR. The introduction of DNP, as well as other advances in SSNMR technology, such as shortening the spin longitudinal relaxation time T 1 by Cu-EDTA doping [205] and employing the PACC (paramagnetic relaxation-assisted condensed data collection) technique [206] , together with progress in the preparation of GPCR samples, are expected to lead in the future to the determination of the three-dimensional structure of whole GPCRs, to identify the dynamic switch of GPCRs between an inactive (R) state and an active (R * ) conformation [207] , and to provide further mechanistic insights into the complex cascade of motions and rearrangements characteristic of the activation process. Furthermore, these methodological advances are also likely to foster the application of SAR by NMR techniques [173] to the discovery of lead compounds for GPCRs through NMR-based highthroughput screening and their subsequent structure-based optimization [208] [209] [210] . 
